found, had they considered N derived from the soil (Keeney, 1982; van der Ploeg et al., 1997). Using the Worldwide, nitrogen use efficiency (NUE) for cereal production same references and assumptions in Table 1 
cereal plants release N from plant tissue, predominantly tion systems. Furthermore, increased cereal NUE must accompany as NH 3 following anthesis (Harper et al., 1987 ; Francis increased yields needed to feed a growing world population that et al., 1993) . Plant N losses have accounted for 52 to has yet to benefit from the promise of N 2 -fixing cereal crops. The Consultative Group on International Agricultural Research (CGIAR) 73% of the unaccounted N using 15 N in corn research linked with advanced research programs at universities and research (Francis et al., 1993) , and between 21% (Harper et al., institutes is uniquely positioned to refine fertilizer N use in the world 1987) and 41% (Daigger et al., 1976) in winter wheat.
via the extension of improved NUE hybrids and cultivars and manage-
Gaseous plant N loss in excess of 45 kg N ha Ϫ1 yr Ϫ1 has ment practices in both the developed and developing world.
also been documented in soybean [Glycine max (L.) Merr.] (Stutte et al., 1979) . Reported gaseous N losses due to denitrification from I n 1996, a total of 82 906 340 Mg of fertilizer N was applied fertilizer N include 9.5% in winter wheat (Auapplied in the world, of which 11 184 400 was applied lakh et al., 1982) , 10% in lowland rice (De Datta et al., in the United States (FAO, 1996) . Cereal production 1991), and 10% (conventional tillage) to 22% (no-till) accounted for approximately 49 743 804 Mg of N fertilin corn (Hilton et al., 1994) . Incorporation of straw and/ izer world-wide (60% of the total; Table 1) (Alexanor application of straw on the surface of zero-till plots dratos, 1995, p. 190) . Of that, only an estimated can double denitrification losses (Aulakh et al., 1984) . 16 572 232 Mg was removed in the grain (Dale, 1997;  Fertilizer N losses in surface runoff range between Tkachuk, 1977; Keeney, 1982) (Table 1 ). The world 1% (Blevins et al., 1996) and 13% (Chichester and Richcereal grain NUE would therefore be estimated at 33%
ardson, 1992) of the total N applied, and are generally {NUE ϭ [(total cereal N removed) Ϫ (N coming from lower under no-tillage. When urea fertilizers are applied the soil ϩ N deposited in the rainfall)]/(fertilizer N apto the surface without incorporation, losses of fertilizer plied to cereals)}, far less than the 50% generally re-N as NH 3 can exceed 40% (Fowler and Brydon, 1989; ported (Hardy and Havelka, 1975) . Similar results in Hargrove et al., 1977) , and generally greater with in-NUE for West German agriculture would have been creasing temperature, soil pH, and surface residue. When fertilizer N is applied at rates in excess of that (Hubbell, 1995) , especially for subsistence farmers in In irrigated or high-rainfall production regions, soy- compared with continuous corn (Huang et al., 1996) .
Also, precipitation use efficiency is greater for corn is greater than that for wheat following fallow or continuous wheat (Badaruddin and Meyer, 1994) . Wheatcan be significant (Olson and Swallow, 1984; Raun and corn-fallow production systems are now promoted inJohnson, 1995). In cooler temperate climates, NO 3 losses stead of the popular wheat-fallow where only 420 mm through tile drainage have approached 26 kg N ha Ϫ1 precipitation is received per year (Kolberg et al., 1996) . yr Ϫ1 under conventional tillage corn when only 115 kg The more intensive systems (growing more crops in a N ha Ϫ1 was applied (Drury et al., 1996) . Note, however, given period of time), require greater fertilizer N inputs that because past N-balance work has failed to account but are higher in total yield and thus can be economically for plant N losses, leaching losses attributed to unacadvantageous (Kolberg et al., 1996) . More intensive drycounted N have probably been overestimated (Francis land cropping systems lead to increased water use effiet al., 1993; Kanampiu et al., 1997) .
ciency, and also better maintain soil quality (Halvorson Many 15 N recovery experiments have reported losses and Reule, 1994). Alternative dryland systems proposed of fertilizer N in cereal production from 20 to 50%.
include spring barley, corn, and winter wheat grown in These losses have been attributed to the combined efrotation with adequate N fertilization instead of continfects of denitrification, volatilization, and/or leaching uous winter wheat-fallow (Halvorson and Reule, 1994) . (Francis et al., 1993; Olson and Swallow, 1984; Karlen et al., 1996; Wienhold et al., 1995; Sanchez and Blackmer, Forage Production Systems 1988) when these factors were not measured separately.
Using today's management practices, low NUEs in Forage-only production systems have lower plant gaseous N loss and improved NUE because the plant is the world are compounded by both complacency and economics. Depending on the source of fertilizer, N never allowed to approach flowering where N losses have been found to be greater (Altom et al., 1996) . costs approximately $0.49 kg
Ϫ1
. Applying an added 40 359 Averaged over 3 yr and two locations, forage-only and Dao, 1996) . Adaptation of subsurface placement of N fertilizer for no-till winter wheat has the potential to NUEs for winter wheat were 77%, compared with 31% for grain-only when 90 kg N ha Ϫ1 yr Ϫ1 was applied presignificantly improve N availability to plants and thereby improve NUE and reduce environmental and plant (Thomason, 1998) . Total N removed in the forageonly production system was nearly double that found economic risks (Rao and Dao, 1996) . in grain, averaging 104 and 59 kg N ha
, respectively (Thomason, 1998) . Similarly, calculated NUEs for for-NH 4 -N Source age (silage) production in corn exceeded 70% and were Because NH 4 -N is less subject to leaching or denitrifigreater than that reported for grain (O'Leary and Rehm, cation losses, N maintained as NH 4 in the soil should 1990). Note, however, that substitution of forage for be available for late-season uptake (Tsai et al., 1992 ). grain will ultimately place greater dependency on aniIncreased N uptake during grain-fill, for N-responsive mal protein and decrease the supply of starch for huhybrids, indicates a potential advantage of NH 4 nutrition man diets.
for grain production (Tsai et al., 1992) . Wheat N uptake was increased by 35% when oneImproved NUE due to Hybrid or Cultivar quarter of the N was supplied as NH ϩ 4 , compared with all N as NO Ϫ 3 (Wang and Below, 1992) . High-yielding The early study of NUE was facilitated by identifying individual components that explained both uptake and corn genotypes were unable to absorb NO Ϫ 3 during ear development, which limited yields otherwise increased utilization efficiency . Differences among corn hybrids for NUE are largely due to variation by supplies of NH in the utilization of accumulated N before anthesis, especially under low N supply Huffman, 1989) . However, Wheat varieties with a high harvest index (grain produced divided by the total dry biomass) and low forage this has not been consistently observed, nor is it easy to carry out given N-cycle dynamics. yield have low plant N loss and increased NUE (Kanampiu et al., 1997) . Higher NUE has also been observed in rice varieties with high harvest index (Bufogle et al.,
In-Season and Foliar-Applied N 1997). Other work by Karrou and Maranville (1993) Increasing protein content by applying higher rates suggests that wheat varieties that produce more seedling of fertilizer is relatively inefficient, as NUE decreases dry matter with greater N accumulation are not neceswith increasing N level, especially under dry soil condisarily the ones that use N more efficiently. Furthermore, tions (Gauer et al., 1992) . In-season applied N resulted N assimilation after anthesis is needed to achieve high in more efficient fertilizer use in 4 of 5 yr, compared wheat yields (Cox et al., 1985) and high NUE.
with N incorporated prior to planting winter wheat Genetic selection is often conducted with high fertil- (Olson and Swallow, 1984) . Preplant N must be carefully izer N input in order to eliminate N as a variable; howmanaged to optimize grain yield, but adding excess N ever, this can mask efficiency differences among genoat that time reduces NUE, whereas the late-season suptypes in accumulating and utilizing N to produce grain plied N can be adjusted to increase grain protein and . This is consistent with Earl and NUE (Wuest and Cassman, 1992b) . In-season N applied Ausubel (1983), noting that high-yielding varieties of with point injection or topdressing can maintain or incorn, wheat, and rice released during the Green Revolucrease NUE compared with preplant N in wheat (Sowtion were selected to respond to high N inputs. Conseers et al., 1994) . quently, continued efforts are needed to include plant Nitrogen fertilization should take place early in the selection under low N-something not often considered season to maximize winter wheat forage production a priority by plant breeders, and uncharacteristic of ag- (Boman et al., 1995a) . If grain production is the only ricultural experiment stations. goal, however, N fertilization can be delayed until much later in the season without significantly affecting wheat Conservation Tillage grain yields. Injection of anhydrous NH 3 into established winter wheat has produced significant stand damage; Conservation tillage systems have not been found to increase productivity of high-yielding corn genotypes, however, it has proven to be equally effective when compared with broadcast urea-NH 4 NO 3 in grain probut neither have they resulted in yield reductions relative to conventional tillage (Al-Darby and Lowery, duction (Boman et al., 1995b) . In general, placement of fertilizer N below the surface soil layer can decrease 1986). The use of conservation tillage is based more on erosion control, the environment and operation costs immobilization and increase plant uptake of N (Sharpe et al., 1988) . than on yield potential (Al-Darby and Lowery, 1986) , which is where potential advantages in NUE would As early as 1957, foliar application of urea solutions at rates from 11 to 56 kg N ha Ϫ1 at flowering was shown be seen.
Under a no-tillage production system, grain yield was to increase wheat grain protein by as much as 4.4% (Finney et al., 1957) . Recovery of N applied at planting improved 32% when 60 kg N ha Ϫ1 was banded 8 to 10 cm below the seed row, and 15% when banded between ranged from 30 to 55% while that applied at anthesis ranged from 55 to 80% (Wuest and Cassman, 1992a). the rows, compared with surface broadcast urea (Rao Foliar-applied urea (50 kg N ha Ϫ1 at 6-10 d after awn N rates. A combination of soil testing, fertilizer N experiences of the producer, and projected N requirement emergence, applied in three sprayings to minimize leaf damage) increased grain protein in barley more effec-(expected yield or yield goal) are the best management tools available for farmers to determine fertilizer N rates tively than broadcast NH 4 NO 3 (Bulman and Smith, 1993) . .
Irrigation Discussion
Work in corn has shown that maximum fertilizer use The best hope for reducing fertilizer N needs lies in efficiency can be obtained with low N rates applied infinding more efficient ways to fertilize crops (Smil, season and with light, frequent irrigation (Russelle et 1997). After 5 yr of annually applied N (56-112 kg N al., 1981) . Randall et al. (1997) reported that split N ha Ϫ1 ) in winter wheat produced under conventional tillapplications do not always result in increased NUE for age, only 27 to 33% of the fertilizer N had been recovcorn production in cooler, wetter climates. Freney ered in the grain (Olson and Swallow, 1984) . Results (1997) indicated that supplying fertilizer in the irrigation like these are common, consistent with worldwide NUE water, applying fertilizer to the plant rather than the data and are a cause for initiating a collaborative global soil and use of slow-release fertilizers were useful for effort to increase NUE. controlling losses of fertilizer N. This work also sugOrganic farming methods that include legume cultivagested that urease and nitrification inhibitors have the tion and crop rotation are highly efficient. Nonetheless, capacity to prevent loss of N and increase yield of crops.
if all farmers adopted these methods, they could not Wienhold et al. (1995) reported that supplemental irrifeed today's population (Smil, 1997) . Also, the promise gation appears to be a viable technology for growing of N 2 -fixing cereal crops (specifically, corn and wheat) corn in the northern Great Plains if care is taken to by the turn of the century (Hardy, 1988) has not materiensure that irrigation inputs are optimized to prevent alized, compelling the present need for increased adopnutrient leaching from the root zone. On sandy soils, N tion of high-NUE practices using commercial fertilizers. fertilizer placement and timing and effective irrigation Alternative N application strategies-specifically, split management are both important considerations in propreplant and in-season applications of N, which are moting efficient N use, which will also maintain groundknown to increase NUE-have not been widely adopted, water quality (Oberle and Keeney, 1990) . In this work, largely because of the ease and affordability of applying the principles of production related to increased NUE more N than needed at or before planting. Agriculture's are considered to be similar under dryland and irrigated focus in developed countries has been on maximizing conditions, since NUE decreases in relation to the yields per unit area, and not until recently have we amount of excess fertilizer N applied in both systems.
considered the environmental consequences of overapplication of nutrients (Schlegel et al., 1996) . ImprovPrecision Agriculture and Application Resolution ing NUE will decrease the risk of NO 3 -N contamination of inland surface and groundwater supplies (Stone et Conventional application of N to cultivated fields is made at a single rate based upon perceived average al., 1996) , as well as the hypoxia in specific oceanic zones believed to be caused by excess N fertilizer (Malaneeds of the field as a whole (usually Ͼ10 ha). Natural and acquired variability in production capacity or potenkoff, 1998). Unfortunately, some benefits are associated with tial within a field cause the average rate to be excessive in some parts and inadequate in others. Precision agripractices that have low NUEs. Increasing the N rate where lower rates are applied will increase crop producculture practices allow timely and precise application of N fertilizer to meet plant needs as they vary across tion, especially in the developing world (Hardy and Havelka, 1975) ; however, if not combined with recomthe landscape.
To capitalize on any potential N fertilizer savings and mended management practices, this will decrease NUE. Also, when N fertilizer is applied at rates greater than increased NUE, management decisions need to be made at the appropriate field element size (Solie et al., 1996) . required for maximum yield, plant biomass and longterm soil organic C increase (Raun et al., 1998) , but Field element size is defined as that area or resolution which provides the most precise measure of the avail-NUE decreases. Increasing soil organic C when high N rates are used could assist in removing the excess able nutrient where the level of that nutrient changes with distance (Solie et al., 1996) . Random field variabilatmospheric CO 2 widely believed to be responsible for global warming (Smit et al., 1988) , but are likely to ity in soil test and plant biomass has been documented at resolutions less than or equal to 1 m 2 (Solie et al., increase N losses via denitrification (Aulakh et al., 1984 . When N management decisions are made on areas of 1 m 2 , the variability present at that resolution Similar to what took place in the auto industry when confronted with demands for increased fuel efficiency, can be detected using sensors (normalized difference vegetative index or NDVI) and treated accordingly with approaches to increasing NUE should integrate many known components of grain crop production into one foliar N (Solie et al., 1996; , thus increasing NUE . system. Foliar-applied N at 10 to 25 kg N ha Ϫ1 is highly efficient, but it alone will not meet N demands for maxiNote that soil testing (NO 3 -N), irrespective of withinfield variability, is a first approximation to refine field mum yields. Slow-release NH 4 -N sources, forage pro-duction, improved NUE hybrids and varieties, and involvement seems obvious. Excess N flowing down the in-season applied N combined with an application resoMississippi River each year is estimated to be worth lution consistent with in-field variability is expected to $750 000 000 (Malakoff, 1998) . At an average value of lead to NUEs in excess of 85%. Unfortunately, there $490 Mg Ϫ1 of actual N, the $750 000 000 would comprise is as yet no published research wherein scientists have more than 13.6% of the total value ($5 480 356 000) of designed a package of practices specifically for high N fertilizer applied in 1996 in the entire United States. NUE. Some combinations of practices that optimize
In light of this excessive waste, adoption of known prac-NUE may at present be unaffordable; nonetheless, agrotices to improve NUE should be encouraged, and innomic scientists need to accumulate the knowledge of creased NUE should be a first priority. systems that will achieve an NUE for grain crop production in excess of 85%, always bearing in mind that what REFERENCES makes sense for increased NUE may adversely affect Al-Darby, A.M., and B. Lowery. 1986 . Evaluation of corn growth our ability to maintain production and satisfy human and productivity with three conservation tillage systems. Agron. Research and extension of production practices that 62:187-195. would lead to a worldwide increase in NUE should be CGIAR centers has been on developing improved varie-
